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[57] ABSTRACT 
The concentration of at least one luminescence-affect 
ing chemical species in at least one location in a sample 
capable of emitting luminescent radiation can be deter 
mined using multiple luminescent emission ratio pho 
tometry and multiple luminescent emission ratio imag 
ing. An apparatus and method for conducting multiple 
luminescent emission ratio photometry and imaging is 
provided. 

16 Claims, 13 Drawing Sheets 
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APPARATUS AND METHOD FOR MULTIPLE 
EMISSION RATIO PHOTOMETRY AND 
MULTIPLE EMISSIONRATIO IMAGING 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention concerns an apparatus and a 

method for determining the concentration of one or 
more chemical species in a sample by multiple lumines 
cent emission spectrophotometric ratios, and particu 
larly, for producing an image of the sample relating 
concentration of the chemical species to location in the 
sample. 

2. Discussion of the Background 
Monitoring radiative emission phenomena, such as 

photoluminescence (e.g., ?uorescence and/or phospho 
rescence), as a means of determining the presence, quan 
tity and/or concentration of a particular chemical sub 
stance in a particular sample is a well-known technique 
in the chemical and biochemical arts. Radiative emis 
sion phenomena occur from absorption of radiative 
energy (e. g., infrared, visible or ultraviolet light, x-rays, 
etc.) by a chemical species, which in turn, reaches an 
electronically excited state. In relaxing to the ground 
state, radiative energy is emitted by the electronically 
excited chemical species (e.g., infrared or visible light, 
etc.). Alternatively, the electronically excited chemical 
compound relaxes by transferring energy to a second 
chemical species, which in turn, emits radiative energy. 
In photoluminescence, relatively high-energy photons 
are absorbed by a compound. In turn, the electronically 
excited compound emits photons at a lower energy. 
A chemical substance has unique radiative emission 

spectra that are used to characterize the substance. A 
photoluminescence spectrum can measure either (1) the 
intensity of luminescent emission at a constant emission 
wavelength as a function of excitation wavelength (an 
“excitation” spectrum) or (2) the intensity of lumines 
cent emission at a constant excitation wavelength as a 
function of emission wavelength (an “emission” spec 
trum). For example, In an excitation spectrum, the emis 
sion intensity of a luminescent compound will exhibit 
characteristic maxima and minima at particular excita 
tion wavelengths. Similarly, in an emission spectrum, 
the emission intensity of a luminescent compound will 
exhibit characteristic maxima and minima at particular 
emission wavelengths. 

Often, the radiative emission spectra of a given chem 
ical species are in?uenced by the interaction of the 
species with a second species present in its environment. 
For example, pH or the presence of metal ions can 
affect the energies and intensities at which a ?uorescent 
chemical species absorbs and emits radiative energy. 
The changes in energies and intensities at which a given 
chemical species emits radiative energy can provide 
information concerning the‘second species with which 
it interacts. 
A luminescent compound in an essentially pure sol 

vent (e.g., deionized water) will luminesce in a charac 
teristic manner. However, at a different pH, for exam 
ple, the compound will interact to a different extent 
with either protons or hydroxide ions, respectively, 
depending on whether the solution becomes more 
acidic or more basic. As a result of the change in the 
interaction of the compound with either protons or 
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2 
hydroxide ions, the luminescent behavior of the com 
pound may also change. 
One can measure the ?uorescence or phosphoresc 

ence intensity of a sample containing the luminescent 
species as either a function of excitation wavelength or 
emission wavelength, then take identical measurements 
of the luminescent compound in the presence of known 
concentrations of a second species which interacts with 
the luminescent compound and in?uences its lumines 
cent behavior. From solutions of known concentrations 
of the compounds, one can empirically determine rela 
tionships between the intensity of a luminescent com 
pound at a given wavelength and the relative concen 
tration of a second, luminescence-affecting species. 

In a given sample, concentrations of both the lumi 
nescent compound and the second, luminescence-affect 
ing species may be unknown or unevenly distributed. 
Some locations in the sample may have high concentra 
tions of the luminescent compound, while other loca 
tions have low concentrations. If the concentration of 
the second species is distributed in the sample differ 
ently from the luminescent compound, the lumines 
cence intensity alone cannot provide information con 
cerning the concentration of the second species. 
Luminescence intensity is dependent on the amount 

or concentration of the luminescent species, in the ab 
sence of a second species which affects its luminescence 
behavior. In the presence of such a second species, the 
luminescence intensity is-affected in a manner propor 
tional to the concentration of the second, luminescence 
affecting species. As a result (for example, when the 
second species directly affects the intensity of the lumi 
nescent species), the locations in the sample having high 
concentrations of the luminescent compound and very 
high concentrations of the second species may lumi 
nesce at a given wavelength with roughly the same 
intensity as other locations having low concentrations 
of the luminescent compound and very low concentra 
tions of the second species, if the concentration of the 
species at the particular emission wavelength being 
monitored (either the free luminescent compound or the 
interacting luminescent compound-second species com 
plex) is the same. On the other hand, if the intensity of 
the luminescent species is inversely affected by the 
second species, locations in the sample having high 
concentrations of the luminescent compound and low 
concentrations of the second species could show the 
same intensity at a particular wavelength as locations 
having low concentrations of the luminescent com 
pound and high concentrations of the second species. 
As a result, false determinations of the concentration of 
the second species result from determining the intensity 
of the luminescent compound at one wavelength, when 
the concentration of the luminescent compound is not 
known or the concentration distribution in the sample 
can vary. 

This problem can be overcome by choosing two 
wavelengths of either emission or excitation, wherein at 
one wavelength, the luminescent compound exhibits a 
relatively high intensity, but in the presence of the sec 
ond, luminescence-affecting species, exhibits a rela 
tively low intensity; and at the other wavelength, the 
luminescent compound exhibits a relatively low inten 
sity, but in the presence of the second, luminescence 
affecting species, exhibits a relatively high intensity. 
Thus, by measuring the intensity at each of two wave 
lengths of either emission or excitation at which the 
luminescence intensity shows a strong dependance on 
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the concentration of the second, luminescence-affecting 
species, one can compare the two measurements and 
determine the extent of the in?uence of the second 
species on the luminescence of the luminescent com 
pound. 

If one divides the intensity at the ?rst wavelength by 
the intensity at the second wavelength for solutions of 
known concentrations of the luminescent compound 
and varying concentrations of the second species, one 
obtains a ratio of intensity in which the dependence on 
the concentration of the luminescent compound cancels 
out. Thus, one can obtain characteristic data for the 
concentration-dependant influence of the second spe 
cies independent of the concentration of the lumines 
cent species. Accordingly, for a sample containing a 
luminescent compound and a second, luminescence— 
affecting species, the ratio of the luminescence intensity 
at one wavelength of either emission or excitation to the 
luminescence intensity at a second wavelength, when 
compared to the ratios at the same wavelengths of sam 
ples of the two species at known concentrations, pro 
vides information about the concentration of the second 
species throughout the sample which would otherwise 
be difficult or impossible to obtain. 
By dividing the sample into a large number of detec 

tion areas and measuring the intensity ratios of the sam 
ple in each of the areas, one can produce an image 
which correlates the concentration of a second, lu 
minescence-affecting species to locations in the sample. 
In the biochemical arts, ?uorescence ratio imaging is 
becoming a widely used technique. For example, ?uo 
rescence ratio imaging has been successfully employed 
in the analysis of calcium ions in living cells (Brooker et 
al, Prac. Natl. Acad. Sci. USA, 87:2813-2817 (1990); 
Tsien et al, Cell Calcium, 11:93-109 (1990); de Eraus 
quin et al, Prac. Natl. Acad. Sci. USA, 87:8017-8021 
(1990); DeBernardi et al, Prac. Natl. Acad. Sci. USA, 
88:9257-9261 (1991); Zhang et al, J. Cell Biol, 
114:155-167 (1991)). 
The general procedure in ?uorescence ratio imaging 

(or “?uorescence ratioing”) is to ?rst measure the ?uo 
rescence intensity of a subject at two distinct wave 
lengths of either emission or excitation radiation, deter 
mine the ratio of the intensity at one wavelength to the 
intensity at the other wavelength for each location or 
“point” in the sample, and then print a subsequent two 
dimensional image of the sample having characteristics 
of a third dimension (e.g., color) as a function of the 
value of the ratio (the ratio image). As described above, 
the ratio image provides information about the concen 
tration of the interacting species (e.g., calcium) at vari 
ous locations in the subject (e.g., living cells). The ad 
vantage of the two wavelength-two image approach on 
the same sample is that the ratio of the fluorescence 
intensities of the two images is purely a function of 
calcium ion, independent of ?uorescent dye distribution 
within the cell, which may be uneven. (Of course, in 
areas where the concentration of the luminescent spe 
cies is zero, no information can be obtained concerning 
the second species. However, this problem also exists in 
methods not based on ratioing.) 
The dye Fura-2 is a calcium chelator that emits quan 

titatively different ?uorescence spectra at different ex 
citation wavelengths as a function of the concentration 
of free calcium ion. In the presence of a high concentra 
tion of calcium ion, Fura-2 ?uoresces brightly (at high 
intensity) when excited at 340 nm and dimly (at low 
intensity) when excited at 380 nm. In the presence of a 
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4 
low concentration of calcium ion, the ?uorescence in 
tensities at 340 and 380 nm are reversed (dim when 
excited at 340 nm and bright when excited at 380 nm). 

Because Fura-Z is excited at two different wave 
lengths, and the ?uorescence emission is monitored at 
the same, wavelength band (generally >500 nm), it is 
considered a “dual excitation/single emission" dye. The 
reversal of its fluorescence characteristics in response to 
calcium concentration is the key to ?uorescence ratio 
imaging using Fura-Z. A theoretical depiction of the 
fluorescence characteristics of Fura-Z are shown graph 
ically in FIG. 1. 
Another characteristic of Fura-2 that should be noted 

from FIG. 1 is that the emission of Fura-2 is the same at 
any calcium concentration when excited at a wave 
length of 360 nm. This is the isobestic point for Fura-2, 
or the wavelength of excitation where ?uorescence is 
independent of calcium concentration. This property 
can thus be used to determine the distribution of Fura-Z 
within a specimen, or to measure the amount of Fura-2 
at any point or location within a sample. 

Fura-2 can be unevenly distributed within a cell or 
sample (?eld) of cells. The use of a ratio image (created 
from the ratio of two individual images) to view cal 
cium ion distribution within a cell mathematically elimi 
nates the variation in spatial dye distribution, since the 
dye concentration appears in both the numerator and 
denominator of the ratio, and thus, is cancelled out. 
Therefore, within reasonable limits, uneven distribution 
of dye within a specimen does not affect the validity of 
calcium concentration readings, since calcium concen 
tration is a function of only the ratio of the intensity of 
the ?uorescence of the two respective images taken at 
340 nm and 380 nm. The mathematical relationship is 
shown in the following equation: 

wherein: 
R(Lo) =the ratio of the emission intensity at 340 nm 

excitation to the emission intensity at 380 nm exci 
tation at a Ca+ +concentration of zero 

R(Hi) =the ratio of the emission intensity at 340 nm 
excitation to the emission intensity at 380 nm exci 
tation at Ca++saturation 

380(Lo) =the emission intensity at 380 nm excitation 
at a Ca+ +concentration of zero 

380(Hi) =the emission intensity at 380 nm excitation 
at Ca+ +saturation 

Kd =dissociation constant of the Ca2+ —-Fura com 
plex in nM 

R =the experimentally determined 340/380 intensity 
ratio 

Thus, the standardization data for R(Lo), R(Hi), 
380(Lo) and 380(Hi) need to be obtained by viewing 
Fura-2 solutions containing zero and saturating concen 
trations of calcium. This data is then included in the 
ratio calculations for construction of a standard curve 
relating calcium concentration to the 340/380 intensity 
ratio (R). 

Indo-l is another ?uorescent dye that exhibits cal 
cium concentration-dependent luminescent behavior. 
Indo-l is similar to Fura-Z in that its emission response 
to radiant excitation energy is dependent upon calcium, 
but Indo-l is a sing]e-excitation/dual-emission dye. 
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When excited at a wavelength of 340-360 nm in the 
presence of a high concentration of calcium, Indo-l 
emits brightly at 420 nm and emits dimly at 500 nm. In 
the presence of a low concentration of calcium, lndo-l 
has a low ?uorescence intensity at 420 nm and a high 
?uorescence intensity at 500 nm. The graphs for Indo-l 
?uorescence look similar to those for Fura-Z, except 
that the x-axis is changed to represent emission wave 
length rather than excitation wavelength. A theoretical; 
depiction of the ?uorescence characteristics of Indo-l 
are shown graphically in FIG. 2. 
By monitoring the ?uorescence ratio image as a func 

tion of time of a sample containing either Fara-2 or 
Indo-l, one can analyze time-dependent phenomena 
concerning the chemical species of interest (e.g., the 
movement of Caz'l'across cell membranes or in response 
to certain biochemical stimuli). Hence, ?uorescence 
ratio imaging has become a useful technique for moni 
toring the amount of a chemical species which exhibits 
concentration-dependent effects on the luminescence of 
a luminescent compound. 

Imaging more than one emission ratio would permit 
one to draw a direct relationship between the lumines 
cence-affecting species being monitored. By imaging 
essentially simultaneous multiple emission ratios on the 
same sample, a built-in control is provided, and the 
variable factors which differ between samples and the 
errors which inevitably occur in conducting non-con 
current experiments can be eliminated. 
However, one who wishes to monitor more than one 

emission ratio in the same sample or substrate has been 
unable to do so using prior technology. Prior to the 
present invention, the state of available instrumentation 
permitted only the monitoring of a single emission in 
tensity ratio, due to limitations with regard to the num 
ber of luminescent emissions which could accurately be 
monitored by the same instrument (limited to a maxi 
mum of 2). 
Attempts to monitor more than one ratio using prior 

technology have had to rely on techniques such as em 
ploying multiple neutral density ?lters on a ?lter wheel 
positioned between the sample and the detector, or 
alternatively, changing the source of excitation energy 
either by multiple ?lters or by actually changing the 
source itself. These approaches introduce fatal errors, 
because the sample mount either had to be-removed in 
order to change the appropriate piece of equipment, or 
if automatic changers were used, vibrations suf?cient to 
jar the sample mount and alter the visual ?eld resulted. 
Furthermore, use of multiple ?lters or multiple excita 
tion energy sources in conjunction with a detector hav 
ing the capability of monitoring only two emission phe 
nomena limits the range of sensitivity for additional sets 
of emissions. 

Furthermore, the maximum speed with which the 
prior instrument can switch back and forth between 
emission measurements at each of the wavelengths 
being monitored is about three switches per second (i.e., 
the prior instrument is limited to about three ?uores 
cence measurements per second). Even with these limi 
tations, the prior instrument is useful for monitoring 
phenomena associated with a single luminescence ratio 
which occur over the course of from several seconds to 
several hours or more. 

Prior to the present invention, to conduct multiple 
emission ratioing, one would have to conduct separate 
experiments for each ?uorescent substance to be moni 
tored, because the ?lter controlling the wavelength of 
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6 
excitation light must be changed to monitor the second 
emission. Alternatively, even if one is able to employ a 
source of four wavelengths of radiation, one can moni 
tor only two emission phenomena using prior technol 
ogy, since prior detectors are limited to monitoring only 
two emissions without having to. recalibrate the detec 
tor for reliable measurements of additional emissions. 
Therefore, one would have to recalibrate the detector 
for the emissions corresponding to the second ?uores 
cent substance after measuring the two emissions of the 
?rst ?uorescent substance, in order to monitor the ratio 
for the second ?uorescent substance. 
For example, de Erausquin et al (Proc. Natl. Acad. Sci 

USA, 87:8017-8021 (1990)) determined, for the same 
sample of cells, calcium concentration by ?uorescence 
ratio imaging and cell viability by qualitative propidium 
iodide ?uorescence. However, after taking the measure 
ments for producing the calcium concentration ?uores 
cence ratio image, de Erausquin et al required about 1 h. 
45 min. to take the qualitative propidium iodide fluores— 
cence measurements. It should also be noted that quali 
tative propidium iodide ?uorescence to test cell viabil 
ity does not involve ratioing, but rather, merely in 
volves detection of propidium iodide ?uorescence in 
the cell nucleus. ' 

In any case, the procedures for imaging more than 
one luminescent ratio are time-consuming using prior 
instrumentation, and would prevent one from being 
able to monitor phenomena which occur on a time scale 
of less than about an hour or two. 

If the procedures are carried out ?awlessly, changing 
?lters on a typical device for monitoring a ?uorescence 
ratio (e.g., an inverted microscope) takes at least 5-10 
minutes, and recalibrating a typical single-ratio detector 
takes about l0—l5 minutes. Attempting to conduct mul 
tiple emission ratioing on the same sample prevents one 
from monitoring the concentration of a given substance 
with respect to time for phenomena which occur on a 
time scale of from several seconds to several minutes. 
Thus, the possibility of simultaneously monitoring 
many important functions of cellular physiology and 
biochemical behavior is precluded using prior technol 
ogy. 

SUMMARY OF THE INVENTION 

Accordingly, one object of the present invention is to 
provide a novel method for determining the concentra 
tions of at least two luminescence-affecting chemical 
species in a sample exhibiting concentration~dependent 
luminescent phenomena by measuring at least two inde 
pendent luminescent emissions of each one of the lumi 
nescent substances within a period of time of from about 
one microsecond to about one minute. 
A further object of the present invention is to provide 

a novel method for determining the concentrations of at 
least two ?uorescence-affecting chemical species in a 
sample exhibiting concentration-dependent ?uorescent 
phenomena by measuring at least two independent ?uo 
rescent emissions of each one of the ?uorescent sub 
stances within a period of time of from about one micro 
second to one minute. I 

A further object of the present invention is to provide 
a novel method for producing at least one image of the 
concentrations of each of at least two luminescence 
affecting substances in a sample by multiple emission 
ratio imaging. 
A further object of the present invention is to provide 

a novel method for producing at least two images of the 
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concentrations of at least two ?uorescence-affecting 
substances in a sample by multiple emission ratio imag 
mg. 
A further object of the present- invention is to provide 

a novel apparatus for determining the concentrations of 
at least two luminescence-affecting chemical species in 
a sample exhibiting concentration-dependent lumines 
cent phenomena having means to measure at least two 
independent luminescent emissions of each one of the 
luminescent substances within a period of time of from 
about one microsecond to one minute. 
A further object of the present invention is to provide 

a novel apparatus for determining the concentrations of 
at least two ?uorescence-affecting chemical species in a 
sample exhibiting concentration-dependent ?uorescent 
phenomena having means to measure at least two inde 
pendent ?uorescent emissions of each one of the ?uo 
rescent substances within a period of time of from about 
one microsecond to one minute. 
A further object of the present invention is to provide 

a novel apparatus for producing at least one image of 
the concentrations of each of at least two luminescence 
affecting substances in a sample by multiple emission 
ratio imaging. 
A further object of the present invention is to provide 

a novel method for producing at least two images of the 
concentrations of at least two ?uorescence-affecting 
substances in a sample by multiple emission ratio imag 
mg. 
These and other objects which will become apparent 

during the following description of the drawings and of 
the preferred embodiments, are provided by an appara 
tus and a method for determining the concentration of 
at least two luminescence-affecting chemical species in 
a sample capable of emitting luminescent radiation, 
comprising the steps of: 

(l) irradiating the sample with excitation radiation of 
sufficient energy to cause the sample to emit two pairs 
of independent luminescent emissions, each emission 
having an intensity, and for each one of the two pairs of 
independent luminescent emissions, each member of the 
pair having a common wavelength of excitation radia 
tion or emission radiation and a different wavelength of 
the excitation radiation or emission radiation, such that 
when the common wavelength is excitation radiation, 
the different wavelength is emission radiation, and 
when the common wavelength is emission radiation, the 
different wavelength is excitation radiation, 

(2) measuring the intensity of each of the two pairs of 
independent luminescent emissions within a period of 
time of from about one microsecond to one minute, 

(3) determining, for each of the two pairs of indepen 
dent luminescent emissions, a ratio of one of the lumi 
nescent radiation emission intensities of the pair to the 
remaining one of the luminescent radiation emission 
intensities of the pair, and 

(4) correlating each ratio to concentrations of each of 
the two luminescence-affecting chemical species in the 
sample. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete appreciation of the present inven 
tion and many of the attendant advantages thereof will 
be readily obtained as the same becomes better under 
stood by reference to the following detailed description 
when considered in connection with the accompanying 
drawings, wherein: 
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8 
FIG. 1 graphically displays the theoretical ?uores 

cence characteristics of Fura-2; 
FIG. 2 graphically displays the theoretical ?uores 

cence characteristics of Indo-l; 
FIG. 3 is a side view of an inverted microscope useful 

for conducting multiple emission ratioing; 
FIG. 4 is a chemical equation showing the relation 

ship between cyclic adenosine monophosphate (cAMP) 
and a ?uoresceine- and rhodamine-labelled cAMP 
dependant protein kinase enzyme (F 1CRhR); 
FIG. 5 shows a two-camera detector; 
FIG. 6 is a schematic diagram of a suitable instrument 

for conducting the present multiple emission ratioing 
method, including an appropriate control system; 
FIGS. 7A and 7B show the hypothetical lumines 

cence behavior of two dyes, wherein the emission 
wavelengths being monitored overlap; 
FIGS. 8A and 8B show a top view of a standard 

calibration sample; 
FIG. 9 shows the theoretical ?uorescence character 

istics of two dual excitation/single emission ?uorescent 
dyes and the single excitation/dual emission FlCRhR 
dye-labelled protein; 
FIGS. 10(A) and 10(B) show the changes in Ca2+ 

concentration (fura-2 emission ratio) and fura-2 emis 
sion intensities, respectively, for a given location in a 
cell with respect to time; 
FIGS. 11(A) and 11(B) show the changes in pH 

(BCECF emission ratio) and BCECF emission intensi 
ties, respectively, for the same location in the same cell 
as FIGS. 10(A) and 10(B) with respect to time; 
FIGS. 12(A) and 12(B) show ?uorescence ratio im 

ages of Ca2+concentration and pH, respectively, in the 
cells in the experiment of Example 1; 
FIGS. 13 and 14 show the dose and time dependency, 

respectively, of the glutamate-induced increase in cal 
cium ion concentration in seven- to eight-day-old rat 
cerebellar granule cells, as performed in the Compara 
tive Experiment; 
FIGS. 15A, 15B, 15C, 15D, 15B and 15F show the 

dynamic changes of calcium ion concentration and 
propidium iodide in?ux into neurons after a toxic dose 
of glutamate, as performed in the'Comparative Experi 
ment. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Referring now to the drawings, wherein like refer 
ence numerals designate identical or corresponding 
parts throughout the several views and more particu 
larly to FIG. 3 thereof, light source 1 provides light of 
a suitable excitation energy to result in the desired emis 
sion phenomena. The light passes through ?lter 2, and is 
then re?ected by dichroic mirror 3 towards the sample 
4. The excitation light is then absorbed by a luminescent 
(?uorescent or phosphorescent) substance/lumines 
cence-affecting species complex in the sample 4. The 
luminescent substance becomes excited, then emits light 
of a lower energy and longer wavelength than the exci 
tation light. The light emitted from the luminescent 
substance passes through dichroic mirror 3, and is re 
flected by a series of mirrors 5(a), 5(b) and 5(c) to detec 
tor 6, where the emission is measured. The process is 
repeated to obtain a second emission for the ?rst com 
plex, then twice more for the second luminescent sub 
stance/luminescence-affecting species complex. Each 
of the four emissions is monitored independently. 
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As is understood in the art, the energy of light is 

inversely proportional to its wavelength. The terms 
“energy” and “wavelength” can be used interchange 
ably with regard to light. Further, the terms “lumines 
cent” and “luminescence” refer to both ?uorescent and 
phosphorescent phenomena. 
The present invention particularly concerns a method 

for determining the concentration of at least two lu 
minescence-affecting chemical species in a sample capa 
ble of emitting luminescent radiation, comprising the 
steps of: 

(l) irradiating said sample with excitation radiation of 
sufficient energy to cause said sample to emit two pairs 
of independent luminescent emissions, each emission 
having an intensity, and for each one of said two pairs of 
independent luminescent emissions, each member of 
said pair having a common wavelength of excitation 
radiation or emission radiation and a different wave 
length of the excitation radiation or emission radiation, 
such that when said common wavelength is excitation 
radiation, said different wavelength is emission radia 
tion, and when said common wavelength is emission 
radiation, said different wavelength is excitation radia 
tion, 

(2) measuring the intensity of each of said two pairs of 
independent luminescent emissions within a period of 
time of from about one microseconds to one minute, 

(3) determining, for each of said two pairs of indepen 
dent luminescent emissions, a ratio of one of said lumi 
nescent radiation emission intensities of said pair to the 
remaining one of said luminescent radiation emission 
intensities of said pair, and 

(4) correlating each ratio to concentrations of each of 
said two luminescence-affecting chemical species in said 
sample. 

Alternatively, the present process is adaptable to 
monitoring dual-excitation, dual-emission complexes. 
This alternative process comprises the steps of: 

(l) irradiating a sample having a ?rst luminescent 
substance/luminescence-affecting species complex and 
a second luminescent substance/luminescence-affecting 
species complex with excitation radiation of suf?cient 
energy to cause each luminescent substance/lumines 
cence-affecting species complex in the sample to emit a 
pair of independent luminescent emissions, each emis 
sion having an intensity, 

(2) measuring the intensity of each of the two pairs of 
independent luminescent emissions within a period of 
time of from about one microsecond to one minute, 

(3) determining, for each of the luminescent substan 
ce/luminescence-affecting species complexes, a ratio of 
one of the luminescent radiation emission intensities to 
the remaining one of the luminescent radiation emission 
intensities of the pair, and 

(4) correlating each ratio to concentrations of each of 
the two luminescence-affecting chemical species in the 
sample. 

Preferably, the present method determines the con 
centration of at least two ?uorescence-affecting chemi 
cal species. In the case of a dual-excitation, dual-emis 
sion complex, the excitation radiation of sufficient en 
ergy to cause each luminescent substance/lumines 
cence-affecting species complex in the sample to emit a 
pair of independent luminescent emissions must be at 
different wavelengths for each complex. However, if 
one or both of the excitation energies for one dual-exci 
tation, dual-emission complex overlaps with one or both 
of the excitation energies for another dual-excitation, 
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dual-emission complex, the overlapping excitation ener 
gies must have different corresponding emission ener 
gies in order to be independent of each other. Further, 
the first luminescent substance/luminescence-affecting 
species complex in a sample may be dual-excitation, 
dual-emission, and the second may be either dual-excita 
tion, single-emission or single-excitation, dual-emission. 

Optionally, the method may further comprise the step 
of producing at least two images of the sample, each of 
the images showing the concentrations of each of the 
luminescence-affecting chemical species in the sample. 
The ?rst ratio of the ?rst pair of emissions is correlated 
to the concentration of a ?rst luminescence-affecting 
chemical species, and the second ratio of the second 
pair of emissions is correlated to the concentration of a 
second luminescence-affecting chemical species, and so 
on for additional luminescence~affecting chemical spe 

, cies. The images are generally two-dimensional, with 
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three-dimensional characteristics such as color, shad 
ing, brightness, etc., showingthe concentration of the 
luminescence-affecting chemical species in the various 
locations of the sample. Alternatively, such a three-di 
mensional characteristic can be correlated to wave 
length of excitation or emission energy, to provide in 
formation concerning wavelength-dependent lumines 
cent phenomena. 
Time-dependent luminescent phenomena are also of 

interest, and can be monitored by the present apparatus 
and method. Accordingly, the present method may 
further comprise repeating measuring step (2) within a 
period of time of from about one-third of a microsecond 
to about one minute of the completion of the ?rst series 
of four independent emission intensity measurements. 
By continuously repeating measuring step (2), storing 
and processing the data gathered, and producing se 
quential images from the ratios determined, one can 
monitor and analyze dynamic changes in the concentra 
tions of chemical species in a sample. 
The present method is particularly suitable for fluo 

rescence emission ratio concentration determinations 
on a sample containing biological cells, and for produc 
ing images of biological cell samples therefrom. 
The apparatus of the present invention for producing 

multiple luminescence ratio images comprises: 
(A) a light source providing a light beam of sufficient 

energy to electronically excite at least one luminescent 
compound in a sample, 

(B) a light ?lter positioned in the path of the light 
beam to ?lter out selected wavelengths of the light 
beam, 

(C) a dichroic mirror positioned in the path of the 
?ltered light beam to reflect the ?ltered light beam in 
the direction of the sample, 

(D) a mounting platform for the sample positioned 
such that the reflected light beam strikes the sample so 
that the luminescent compound becomes electronically 
excited and produces luminescent emissions, and 

(E) a detector positioned to receive the re?ected 
luminescent emissions and having an electronic switch 
ing device for adjusting the sensitivity of the detector at 
least four times within a period of time of from about 
one microsecond to one minute. 

Optionally, one or more reflecting mirrors 5(a)-(c) as 
shown in FIG. 3 can be positioned to re?ect the lumi 
nescent emissions from the sample, if the detector is not 
positioned to directly receive emissions from the sample 
(e.g., if the detector is not directly under an objective 
(lens element used to focus and view the sample). On 
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the other hand, for example, the objective in an upright 
or inverted microscope is positioned to directly receive 
emission light from the sample and transmit it to the 
detector. An upright microscope employed in epi 
?uorescence detection, where both excitation and emis 
sion energy are transmitted through the same objective, 
can be employed in the present process. 

Preferably, the detector of the present apparatus 
comprises (a) a lens to intercept and focus the re?ected 
luminescent emissions, (b) a camera equipped with a 
photosensitive element positioned to intercept the fo 
cused luminescent emissions, and (c) means for aug 
menting the electrical signals produced in the photosen 
sitive element electronically connected between the 
photosensitive element and a data storage device (e.g., 
computer). In a preferred embodiment, the electronic 
switching device electronically connects the photosen 
sitive element to a means for controlling the sensitivity 
of the photosensitive element (e.g., a computer having 
predetermined sensitivity settings for each independent 
emission being monitored). 

In addition to conventional photosensitive elements 
in commercially available cameras, the detector can 
comprise four or more solid-state emission detectors 
having analog circuitry, capable of providing a direct 
current (DC) signal. Such solid-state emission detectors 
are capable of processing and sending data as quickly as 
it is received and/or generated, thus providing a means 
of continuous data acquisition and processing. The 

I speed with which such solid-state emission detectors 
acquire and process data is limited only by sensitivity of 
the corresponding light detection device. Such solid 
state emission detectors are particularly suitable for use 
in conjunction with lasers as excitation energy sources, 
or with laser-scanning microscopes in the study of mi 
croscopic samples, such as those containing biological 
cells. 
Any light source which provides the desired intensi 

ties and energies of light sufficient to excite the lumines 
cent compound(s) of interest are suitable for use in the 
present invention. Preferred light sources include xenon 
arc lamps, mercury arc vapor lamps and argon arc 
lamps, etc. The most preferred light source is a mercury 
burner. 
However, for very high speed cycles of measurement 

(measurement steps and/or cycles of from about 1 usec 
to about 500 msec), lasers are particularly suitable. For 
studying microscopic structures such as biological cell 
samples, a laser-scanning microscope is especially use 
ful. Where the visual ?eld contains approximately 105 
data points, a laser-scanning microscope capable of 
scanning the visual ?eld in about 30 msec can scan a 
single point in the visual ?eld in about one-third of a 
psec. Preferred lasers include excimer lasers, tunable 
dye lasers, free-electron lasers, helium-neon and helium 
cadmium lasers, and argon, xenon and krypton lasers. 
Optical equipment, such as suitable mirrors and suitable 
detectors, is chosen as needed to suitably meet the char 
acteristics of the dye(s) chosen and the requirements of 
the laser selected. 
As shown in FIG. 3, ?lter 2 may be of the wheel-type 

(?lter wheel) or a plate-like multi-position changer (?l 
ter plate). The ?lter plate is equipped with arms ?tted 
with ?lters which provide the desired wavelength of 
light. The arms alternate being positioned to intercept 
the excitation light beam, depending on the wavelength 
of light chosen. Grating monochromators are also suit 
able for providing the desired excitation wavelength. 
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The ?lter wheel is a disc provided with ?lters posi 
tioned near its circumference which provide the desired 
wavelength of light when positioned to intercept the 
excitation light beam. However, a ?lter plate having 
alternating arms equipped with interference ?lters, each 
of which provides a desired wavelength or range of 
wavelengths of excitation light when positioned to in 
tercept the excitation light beam, is preferred. 

Dichroic mirror 3 is selected such that the excitation 
light is re?ected towards the sample, and the emission 
light passes through. Any conventional dichroic mirror 
known in the art which re?ects excitation light and 
transmits emission light is suitable for use in the present 
invention. Suitable dichroic mirrors are commercially 
available from Oriel Corporation, Stratford, Connecti 
cut, and Carl Zeiss, Thornwood, New York. However, 
preferred mirrors are those which, when used at a 45° 
incidence, re?ect long wave ultraviolet and short wave 
visible light (from 360 to 440 nm) and transmit long 
wave visible and infrared light (>440 nm). A particu 
larly preferred dichroic mirror is the ultraviolet re?ect 
ing mirror obtainable from Oriel Corporation, Strat 
ford, Connecticut. For dual excitation/dual emission 
luminescence ratioing (monitoring of four independent 
emissions) and for monitoring combinations of ?uore 
sceine and rhodamine (such as in the ?uoresceine- and 
rhodamine-labelled enzyme FlCRhR, described be 
low), a conventional multiple wavelength dichroic mir 
ror is also suitable. A multiple wavelength dichroic 
mirror is available from Omega Optical, Bratt 
leborough, New Hampshire. 

After absorbance of the excitation light, the lumines 
cent substance becomes electronically excited, then 
emits light of a longer wavelength. The distinction 
between ?uorescence and phosphorescence is that ?uo 
rescence does not involve a change in the spin state of 
the electrically excited substance, whereas phospho~ 
rescence involves a change in the spin state of the ex 
cited substance (e.g., from the singlet state to the triplet 
state). Since the detection of ?uorescence and phospho 
rescence involve measurement of emission light, the 
present process is applicable to both ?uorescent and 
phosphorescent substances and processes. 
The present method can be used to monitor the emis 

sion behavior of a single substance which exhibits dual 
emission phenomena, more than one ?uorescent sub 
stance, one or more ?uorescent substance and one or 
more luminescent substances, or one or more ?uores 
cent substances and one or more autoluminescent sub 
stances. Suitable ?uorescent dyes which exhibit differ 
ent emission phenomena depending on their interaction 
with another substance include Fara-2, Indo-l, Fluo-3 
(each of which is obtainable from Molecular Probes, 
Junction City, Oregon, and Sigma Chemical Co., Mil 
waukee, Wisconsin), ?uorescein and its derivatives 
(e.g., carboxy?uorescein, ?uorescein diacetate, carbox— 
y?uorescein diacetate (CFDA), CFDA acetoxymethyl 
ester, 2’,7’-bis-(carboxyethyl)-5(6)-carboxy?uorescein 
(BCECF), sulfo?uorescein, sulfo?uorescein diacetate, 
dichlorosulfo?uorescein, dichlorsulfo?uorescein diace 
tate, dimethylsulfo?uorescein, dimethylsulfo?uorescein 
diacetate), eosin, eosin diacetate, hydroxycoumarins 
H-189, H-l85, H4428 and their corresponding acetates, 
naphtho?uorescein, carboxynaphtho?uorescein and 
their corresponding diacetates, resoru?n, resoru?n ace 
tate, dihydroxyphthalonitrile, SNARF-l, SNARE-2, 
SNARF--6 and SNARF-X (SNARF =seminaphthor 
hoda?uor; trademark of Molecular Probes, Inc., Junc 
















